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ABSTRACT

Richmond's moment-method programs RICHMOND3 and RICHMOND4 for monopole
elements with disk ground planes above flat Earth are used to obtain computer plots of
directivity, radiation efficiency, radiation resistance, and input impedance at 15 MHz.
Results, in the form of an atlas, are presented as a function of Earth classification for thin,

quarter-wave monopole elements whose ground planes of radii 0 to 8 wavenumbers rest on
Earth.

Results are compared with those for a perfect ground plane (of infinite extent and
conductivity) and ground plane in free-space. Sca-water enhancement of radiation efficiency
and low-angle directivity is illustrated by comparing results for sea water with those for
medium dry ground.
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SECTION 1
INTRODUCTION

The modeling of monopole elements with circular ground planes in proximity to Earth has
been greatly enhanced in recent years by method-of-moments programs developed by
Richmond for disk ground planes [1,2] and by Burke, et al. for radial-wire ground planes
[3.4,5].

Method-of-moments models, unlike models based on Sommerfeld's attenuation function [6]
or variational models based on Monteath's compensation theorem [7,8,9,10], determine the
directivity and radiation efficiency as scparate entities rather than lumping them together as a
product to yield the antenna gain. Other advantages of the method-of-moments models
include the following: more exact determination of current distributions; applicability to
electrically small ground planes; direct determination of ground-plane edge diffraction; and
avoidance of analytical restrictions on evaluating Sommerfeld's integral (such as requiring
that the Earth's complex relative permittivity have a modulus much greater than unity).

A disadvantage of method-of-moments models is that they are restricted to relatively small
ground-plane radii. This restriction is required so that ground-plane segmentation of
unknown current variables does not exceed the computer's computational capacity and
precision in solving for the unknown currents.

Richmond has presented a moment-method analysis for the current distributions and input
impedance of a monopole element on disk ground planes in free space [1] and above flat
Earth [2] with numerical evaluation by computer programs RICHMD1 and RICHMOND3,
respectively. Weiner, et al. [11,12), have utilized the current distributions in reference 1 to
develop a computer program, RICHMD?2, for the far-zone field when the ground plane is in
free space. Subsequently, Richmond used the current distributions in reference 2 to develop
a computer program, RICHMONDAY, for the far-zone field when the ground plane is above
flat Earth. This latter effort has been reported by Weiner [13] who has also presented some
numerical results and the validation of the numerical results. Listings of programs
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RICHMD1 and RICHMD? are given in reference 12. Listings of programs RICHMOND?3
and RICHMONDAM are given in reference 13.

The present effort uses programs RICHMOND3 and RICHMOND4 to obtain computer plots
of directivity (directive gain), radiation efficiency, radiation resistance, and input impedance
for the International Radio Consultative Committee (CCIR) classifications of Earth [14].
Numerical results are presented in the form of an atlas of computer plots for thin, quarter-
wave, monopole elements whose disk ground planes of radii 0 to 8 wavenumbers rest on
Earth.

The antenna parameters are defined in section 2. Computer plots of numerical results are
presented in section 3.

Examples of numerical results for only one type of Earth (medium dry Earth) are given in
reference 13. The statement is made in reference 13 that approximately similar numerical
results are obtained for other classifications of Earth with the exception of sea water. The
present atlas provides numerical results to support such a statement and in particular to
determine the quantitative differences in antenna performance for various classifications of
Earth. The prior literature contains relatively little quantitative information on the
performance of monopole elements with disk ground planes in close proximity to Earth. The
intention of the present atlas is to address this deficiency for the benefit of the radar,
communication, and broadcast communities.




SECTION 2
ANTENNA PARAMETERS

The antenna geometry consists of a vertical monopole element (length k and radius b) at the
center of an infinitely thin disk ground plane of radius a (sec figure 1). The ground plane is
at a height z, above flat Earth. The monopole element and disk are assumed to have infinite
conductivity.

The Earth [with a dielectric constant ¢, and conductivity 6(S/m) for a waveform of time
dependence ¢/®" at a radian frequency w (rad/s) and free-space wavelength A (m)] has a

complex relative permittivity £ */€, = €,(1— j tand) where tan & = loss tangent = g/(we, €,)

=(Aof2ne, Xu, /€,) = 604 afe,; 1, and &, are the free-space permeability and permittivity,
respectively. The location of an arbitrary far-zone observation point P is designated by
spherical coordinates (r, 6,9).

The feed for the monopole antenna is a coaxial line with its inner conductor connected to the
vertical monopole element through a hole of radius b, at the center of the ground plane. The
coaxial-line outer conductor of diameter 2b, is connected by means of a flange to the ground
plane. The coaxial-line inner-conductor diameter is equal to the monopole element diameter
2b. The current on the outside of the coaxial-line outer conductor is assumed to be zero
because of attenuation by lossy ferrite toroids along the exterior of the coaxial-line feed (see
section 2.4 of reference 12).

The Earth constants, loss tangents, and penetration depths are summarized in table 2-1 for
CCIR 527-1 classifications of Earth [14] in the 3-MHz through 30-MHz high-frequency
band. Cases (2) through (9) correspond to CCIR classifications of Earth. Cases (1) and (11)
correspond to perfect ground planes (of infinite conductivity and extent) and ground planes in
free space, respectively. Case (10) is arbitrarily defined as Average Land and corresponds to
Earth constants &, =10.0, 6 =5x10"> S/m.




1A10204
P(r,9.9)

_

77777 0 77777
Earth (€, 0)

Figure 2-1. Monopole Element on Disk Ground Plane above Flat Earth
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Numerical results are presented in section 3 for each Earth classification of table 2-1 and
antenna parameters with the following numerical values: h/A =0.25, b/A =1075, b /b=35,
2zrafA =0 through 8, z,/A =0, and f = 15 MHz (A =20 m).

The electrical characteristics that are evaluated are antenna directivity (also called "directive
gain"), radiation efficiency, radiation resistance, and input impedance.

The total far-zone electric field E(r,8,9) = iigEg(r, 6,¢) where iy is the unit vector in the 6
direction. The far-zone electric field is zero in the azimuthal direction because of the
uniformity of the antenna geometry about the z axis. The total far-zone ficld amplitude
Eg(r,0,¢) is the sum of the far-zone fields from the monopole element, the disk ground plane,
and the equivalent magnetic current density (magnetic frill) M, of the coaxial-line feed
excitation [13]). The total far-zone field is independent of the azimuthal coordinate ¢ because
of the azimuthal symmetry of the antenna geometry in figure 2-1. Therefore,

Eg(r,0,9) = Ey(r,0).

Consider now the cases where the Earth medium either is lossy (6> 0) or is free space
(6=0, €, =1). The total far-zone radiated power P, is given by

e (z/n,)/ j;’zls,(r,ox’r’sin 046, 0>0 o
(%/n,)/ J; Eo(r.0)'r* sin 646; 6=0, ¢, =1

where 1, = (11, /€, )’/2 is the free-space wave impedance (ohms). For the case 6> 0 the
integrand in equation 2-1 is integrated over only the hemisphere above the Earth because the
field in lossy Earth, relative to that in free space, approaches zero at large radial distances r.
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The antenna directivity d(0) expressed as a dimensionless number is given by

d(0)=2|Eo(r.0) /P.. 2-2)
The antenna directivity D(8) expressed in decibels is given by
D(6) =10l0g,o d(6) (dB). (2-3)
The time-averaged input power P,, to the monopole antenna is given by
P,, = (1/2)Re[V(0)I *(0)] (2-4)

where V(0) = peakinput voltage (volts). The input voltage V(0) is usually set equal to
1 volt in the moment-method analysis.

I*(0) - conjugate of the peak input current /(0) at the base of the monopole
element. This current is solved for by the moment-method analysis in
reference 2.

The input impedance Z,, is given by
Ziy = Ry + X = V(0)/1(0) (2-5)
where R,, and X;, are the input resistance and input reactance, respectively.

The antenna radiation resistance R, is defined as

Rras = 2P, fJ1(OF . 2-6)
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The antenna radiation efficiency 1 is defined as

n=P /Py =1+ (Ru/R)] - @-7)

For the case of free-space (0 =0, &, =1), the radiation efficiency is equal to unity because
the monopole element and disk ground-plane conductivities are assumed to be infinite.

2-6




SECTION 3

COMPUTER PLOTS OF NUMERICAL RESULTS

Numerical results are presented in the form of an atlas of computer plots for thin, quarter-
wave monopole elements whose disk ground planes of radii 0 to 8§ wavenumbers rest on
Earth. Computer plots are presented in sections 3.1 through 3.9 for each Earth classification
of table 1 at a frequency of 15 MHz. In each computer plot, results zre compared with those
for perfect ground planes (of infinite extent and conductivity) and ground planes in free
space. Section 3.10 compares results for sea water with those for medium dry ground.

In the presence of Earth, the directivity patterns are approximately independent of disk radius
(for grounc -plane radii of 0 to 8 wavenu:nbers). The peak directivity is within 0.5 dBi of that
for a perfect ground plane. The Earth softens the edge of the ground plane and minimizes
changes in peak directivity resulting from ground-plane edge diffraction. In the absence of
Earth, large changes in directivity occur because ground-plane edge diffraction is more
pronounced.

The direction of peak directivity is approximately 30 degrees above the horizon, except for
sea water, in which case the direction of peak directivity is approximately 10 degrees above
the horizon. Relatively small changes in ground plane radius for particular radii can cause
large changes in the angle of peak directivity regardless whether the ground plane is in close
proximity to Earth or not and despite the broad 3 dB beamwidth of the elevation radiation
pattern. The jump in angle of peak directivity between 27a/A = 5.5 and 5.75 wavenumbers
corresponds to a change of only 0.5 dB in directivity and is due to a change in beam shape.

The radiation efficiency increases monotonically with increasing disk radius, except for sea
water, in which case the increase is not monotonic but the radiation efficiency is enhanced
over that for other classifications of Earth. The radiation efficiency is small for small ground
planes bscause most of the antenna input energy is redirected into the Earth by a surface
wave that is generated at the air-Earth interface.

3-1




Each of the following subsections contains computer plots of the following antenna
performance characteristics:

a. Numeric directivity patterns for disk radii Zza/A = 0.025, 3.0, 4.0, 5.0, 6.5
wavenumbers. The patterns in the elevation plane at any azimuthal angle are polar
plots with the same numerical scale.

Peak numeric directivity

Angle of incidence of peak directivity

Radiation efficiency

Radiation resistance

Input resistance

Input reactance

Directivity in decibels for angles of incidence 8 = 82, 84, 86, 88, and 90 degrees.

Fw ™o oo
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3.1 SEA WATER (AVERAGE SALINITY, 20°C)
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3.8 ICE (FRESH WATER, -10 °C)
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3.10 SEA WATER COMPARED WITH MEDIUM DRY GROUND
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